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1.0 General Information
1.1 Introduction
Timber structures acquired immense popularity for its light weight and low cost, leading to its domination for the
choice of material in low-rise buildings throughout the United States. However, wood is used primarily for smallscale projects and until recently, rarely for tall buildings. This is mainly due to a lack of code-defined design
methodologies for mass timber structure systems.
Recent advancements, such as engineered wood products, encourage designers to consider wood for taller
buildings. But in order for timber to gain standing in the larger scale project market, there must be an efficient
wood lateral force resisting system (LFRS) as that is the last and crucial part of the design yet to be explored.
Existing options for wood LFRS include lightweight shear walls and wood braces. Both options are limited by
timber’s brittle failure characteristics in tension and more importantly the absence of code-guided practices that
provide adequate ductility and limits on deformations.
Inspired by the extraordinary success of BRB (buckling-restrained braces), HTBRB (heavy timber bucklingrestrained braces) emerge in the hopes of bolstering the diversity of building materials. Traditional BRBs consist
of concrete filled steel casings to limit buckling, a steel core to withstand inelastic axial deformation from both
tension and compression, and a bond-preventing layer to ensure the core and casing do not act compositely. BRBs
exhibit outstanding resistance to lateral forces shown through stable hysteresis loops; they are provide better
performance than traditional braced frames, such as the Special Concentric Braced Frame (SCBF) and are more
efficient in terms of cost and construction for large-scale structures. The steel BRB is well suited for large scale
buildings, but the proposed HTBRB utilizes lightweight wood casings to offer an easier construction process, a
lighter weight option, and a cheaper alternative compared to traditional BRBs.
This project is a continuation of a previous student experiment to ultimately perfect the composition of timber
BRBs. The first round of testing was completed by Cristian V. Fernandez and Arzhang Derakhshani in Spring
2018 at Cal Poly San Luis Obispo. The typical failure mode exhibited by the first round of brace testing was
compressive buckling in the weak axis. The goal is to produce braces that are able to yield in tension and
compression, without compression induced buckling. Compressive buckling is not desired since it is a non-ductile
failure mode for braces. The second round of testing aims to prevent compressive buckling while attempting to
simplify the construction process. Additionally, the brace capacities tested are more applicable to smaller scale
wood structures which is a building type not suited to traditional BRBs.
The scope of this project is limited by the fact that this is a student-conducted project and the available testing
equipment on campus. Thus the project scope is defined as testing the braces only versus a braced frame system
and brace specimen lengths of eight feet. The goal of the project is to refine the production of relatively small
timber BRBs and determine a brace construction that provides the desired structural behavior; tension and
compression yielding. If these tests and subsequent frame testing is successful, the timber BRB will ideally
replace steel braces used in low to mid-rise structures where they are selected based on geometric requirements as
opposed to load demand. This is meant to mitigate the issue of overdesign and waste of material.
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1.2 Apparatus
To achieve maximum cost efficiency in a timely manner, there were many factors to be considered. The overall
brace composition was derived from the precedent HTBRB project design with minor modifications. That design
used two 4x8 as the timber casing which “sandwiched” a ⅜" thick steel core plate, and 1/16" thick sheet metal
buckling-preventing plates (BPP). As noted in the assessment section, the thin BPP had limited success, so for
this iteration the BPP thickness was increased to ⅜" thick and the casing cut out was simplified as shown in
Section 3 to shorten fabrication time.
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2.0 Precedent HTBRB project
The precedent HTBRB project explored the effects of BPP by testing (4) specimens, with Specimen 1 and 2
having no BPP and Specimen 3 and 4 using 1/16” thick steel plates as the BPP.

2.1 Specimen Design
The brace specimen composition included (2)-4x8 timber casings, a 3/8"x1¼" steel core plate, Simpson
SDWS22600DB screws to connect the two 4x8 casing elements, and 16 gauge (1/16"” thick) BPP (installed on
Specimens 3 and 4 only). Notice that the carving of the wood casing is the exact outline of the steel core. This
configuration is important to note as we move forward with our own project analysis. See Figure 1a and 1b for
specimen images.

Figure 1a. Specimen 3 with Steel Plate

Figure 1b. Specimen 2 without Steel Plate

2.2 Test Results
The braces were tested according to the K3 Protocol per AISC 341, which is typically used to determine the
capacity and inelastic behavior of buckling-restrained braces. The braces were loaded or deformed to yield and to
strains based on building drift as noted in Section 4. The force-displacement relationship was then graphed so
that the hysteresis loops could be analyzed. The typical failure mode for the braces was weak-axis buckling, all
occurring at the necking of the core plate as shown in Figures 2b, 3b, 4b, and 5b.. All axial load (lbf),
displacement (in) and time (sec) data were captured in an Excel file and plotted into a force versus displacement
graph to help identify the critical points of each loading. From the reports of the previous test team, Specimen 1
was loaded to 1.5 inches prematurely which resulted in an abrupt failure and therefore presents a less accurate
result. The graphed data in Figure 2a presents the hysteresis curve without adequate data for comparison except
that the specimen buckled when it was compressed 0.7 inches. The maximum displacements are 1.5” in tension
and 0.7” in compression; see Figure 2b for images of the specimen after testing.
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Figure 2a. Specimen 1 Hysteresis Loop

Figure 2b. Specimen 1 (No Steel Plate) post testing
The hysteresis loop of Specimen 2 demonstrated ideal behavior of a buckling-restrained brace, but for limited
compressive deformations (see Figure 3a). The loops are rectangular with some pinching in the center, showing
that the brace was dissipating energy. The brace shows the first sign of buckling around 0.6 inch in compression
(loop 6). The slope of the graph begins to show zero stiffness when compressive displacements increase to 1.0
inch, consistent with buckling. The maximum displacement is 1.5 inches in both tension and compression. The
casing of the brace broke as the core plate buckled since the wood casing was not stiff enough to prevent the
buckling or strong enough to resist the forces associated with buckling deformation (deformation compatibility).
See figure 3b for images of the specimen after testing.
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Figure 3a. Specimen 2 Hysteresis Loop

Figure 3b. Specimen 2 (No Steel Buckling Prevention Plates) post testing
The results for Specimen 3, which were assembled with 16 gauge buckling prevention plates (BPP), are relatively
similar to Specimen 2, the specimen without buckling prevention plates. The first sign of buckling occurs at 1.0
inch displacement in compression (loop 7), which is 0.3 inch greater than the initial buckling of Specimen 2; see
Figure 4a. The maximum displacement is at 1.5 inches in compression and tension. The area enclosed within the
hysteresis loops shows that the energy dissipation is greater compared to the noticeably more pinched loops of
Specimen 2 which is an important difference and is explained in Section 3.
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Figure 4a. Specimen 3 Hysteresis loop

Figure 4b. Specimen 3 (with 1/16” thick or 16-gauge BPP) post testing
The result of Specimen 4, which was also assembled with 16 gauge BPP, performed similarly to Specimen 3 in
the elastic phase only. The first sign of buckling occurs at 0.5 inch displacement in compression (loop 5), which is
0.5 inch less than the initial buckling of Specimen 3 and 0.1 inch less than Specimen 2, see figure 5a. The
maximum displacement was 1.2 inch in compression and tension before the casing cracked; see Figure 5b. Notice
the loops are slightly steeper than Specimen 2 loops, indicating increased brace stiffness.
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Figure 5a. Specimen 4 Hysteresis loop

Figure 5b. Specimen 4 (with 1/16” thick or 16 gauge BPP) post testing

2.3 Conclusion
The testing results appear to be inconsistent. Comparing the compression deformation results, the specimens
without the 1/16 inch thick BPP display displacements of 0.4 inches to 0.5 inches before buckling. While
specimens with the BPP display displacements of 0.4 inches and 0.7 inches. The brace behavior is consistent with
the assumption that the wood casing improves the brace performance by inhibiting compression buckling, but
only for low strain levels, in this experiment in the range of 0.004 inch/inch to 0.005inch/inch. Additionally, when the
BPP were installed in the brace, the hysteresis loops enclose a slightly larger area for a given displacement and
increased the buckling force in the brace, with the exception of Specimen 4.
Among the four (4) specimens tested, the ones with BPP show a general but minor increase in compressive
capacity and ability to withstand larger compressive displacements. It is suspected that BPP can potentially resist
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buckling, but the 16-gauge plate material used in the first round of testing were not thick enough to completely
restrain minor axis buckling. Therefore, one of the first modifications to be executed in the second round of
testing is to thicken the BPP.

Page. 9

3.0 Current HTBRB Project
3.1 Specimen Design
The general brace composition is almost identical to the test specimens used in the first experiment, but slight
modifications were introduced to increase compressive displacement and force capacities. The brace composition
consisted of (2) 4x8 DF-L No.1 green lumber for the timber casing, 3/8"x1¼" steel core plates fabricated from
ASTM A36 material, (2) 3/8"x3" steel flat bars as the BPP, and Simpson SDWS22600DB screws to connect the
timber casings. The major modifications to the brace composition are in the milling of the wood casing and the
steel plate thickness of the BPP. The width of the groove in the wood casing increased from 1.25” to 3.0” wide
along the length of the core plate and the 3/8"x3" steel BPP were inserted into the groove. The ends of the grooves
were increased to 4.0 inches wide and were 6.25 inches long to allow room for the steel core plate deformations
during the compression cycle of testing. See Figure 6 for the final cut sheet of the steel core plate. See Appendix
A for construction details and connection details.
This change in configuration was to simplify the construction process. If this configuration is successful, then the
construction process can be simplified by using a conventional router to shape the groove in the casing, rather
than using digital fabrication equipment, such as a CNC router.

Figure 6. Wood casing cut sheet for CNC machine
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3.2 Building Process
After we obtain our building materials, we begin the construction process by plasma cutting the core plates and
dog-bone test specimen from the A36 steel plate in the Cal Poly Agricultural Engineering shop; see Figure 7. The
cut sheet is created using AutoCad, refer to Figure 6 for the final cut sheet. The shape of the core plate is kept the
same as the previous project in order to accurately compare the testing results.

Figure 7. Plasma cutting the core plates and dog-bones

Figure 8. Polishing the wood casing

Next, the 4x8 casings were shaved and cut into the desired shape. A roughly 0.3” thick layer of wood was shaved
off the top surface to remove the round edges wood beams typically present. This was done to ensure a seamless
finish on the side profiles during assembly. The groove where the steel members were to be placed in was cut
using the Haas CNC machine in the Cal Poly CAED Support Shop. The machine reads a file created in
RhinoCam and carves out the specific shape, as seen in Figure 9.

Figure 9. CNC machine cutting the wood
With the individual pieces ready, the final step is assembly. The BPPs were first placed into the wood grooves.
Then the core plates were placed on the BPP and stacked on by the other half of the casing. Finally, the braces
were sealed shut with impact drivers and screws. Screws were more closely spaced in the areas where necking
occurred previously to provide additional resistance. The general building process is shown below in Figure 11a,
11b and 11c.
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Fig. 11a. Final assembly steps;

Fig. 11b. BPP in timber casing

Fig. 11c.Completed brace
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4.0 Test Set-up
4.1 Set-up procedure for testing
1) Coordinate with lab technicians for set up.
2) Check for the fitting of specimen and connection fitting on testing machines. Ensure test specimens are
prepared for the appropriate test apparatus.
3) Meet with lab technician to finalize brace loading protocol and other testing apparatus.
4) Transport braces to the testing facility.

4.2 Protocol
The testing procedure is to follow the K3 protocol: Cyclic Tests for Qualification of Buckling-Restrained Braces,
as defined by AISC 341. This procedure determines the strength of the braces through uniaxial loading of the
member at specific increments of displacements. This method is a pseudo-static testing intended to mimic a
dynamic loading manner, as indicated in the K3 protocol. The set-up is listed below:
Step

Description

Deformation (in)

Loading speed (in/min)

Time per cycle (min)

0.190

0.375

0.51

1

2 cycles @

2

2 cycles @ 2

0.246

0.500

0.49

3

2 cycles @

0.492

0.500

0.99

4

2 cycles @ 1 2

0.738

0.750

0.99

5

2 cycles @ 2

0.984

0.750

1.31

1

1

in which,
= displacement at which the steel core plate yields
=
= maximum displacement with respect to the maximum story drift
= 0.0125*
(1.25% of story height)

Figure 12. Load each brace specimen to the testing machine
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4.3 Load Determination
We begin our loading calculation by referencing previous Cal Poly student Gideon Baum’s senior project on
HTBRB structure. Using the calculated design drift and maximum displacement, we factor Δbrace to 0.5Δbm,
1.0Δbm, 1.5Δbm, and 2.0Δbm. Δy is calculated using Δy = (Aspecimen Fy Lbrace )/(Aspecimen E).

Story Height, H= 12’-0”
Bay Length, L= 20’-0”
Brace angle, θbrace = 0.54 radians =
Brace Length, Lbrace = 23.32’(work point to work point)
Drift, δ = 1.25% H = 1.80 inches

∆brace =1.54 inches [drift

cos(θ)]

Using the
calculated for Gideon’s project, we obtained displacement for loading our project by factoring.
See calculation below for our loading.
= 0.46875 in2 (PL3/8 x1¼ )
Modulus of Elasticity, E = 29000 ksi (assumed)
Yield Stress, Fy= 62 ksi
Yield Strain, εy= 0.0021379 in/in
Plastic Modulus, Epl= 1740 ksi (.04*E)
Fbm= 67.90 ksi
Test Specimen Length, LSPECIMEN = 89 in (bolt to bolt dimension, reference Figure 6)
∆yield = 0.598 in
SPECIMEN

Displacement

∆BRACE

STRAIN, ε

STRESS, fs

Pspecimen

∆specimen

∆TEST

Speed

(inch)

(in./in. )

(ksi)

(kips)

(in.)

(inch)

(inch/min)

∆y

0.598

0.002137

62.00

29.06

0.190

0.20

0.375

½∆bm

0.774

0.002764

63.00

29.53

0.246

0.25

0.375

∆bm

1.547

0.005529

67.88

31.82

0.492

0.50

0.500

1.5∆bm

2.321

0.008293

72.67

34.06

0.738

0.75

0.500

2∆bm

3.094

0.011057

77.47

36.31

0.984

1.00

0.500

The speed or loading rate at which the testing machine induced the desired displacements are listed on the last
column of the chart above. It was important to apply the load slowly to avoid changes in the steel properties due
to dynamic effects and enable the team to observe the brace behavior. This was an issue in the precedent HTBRB
testing, braces were loaded too quickly and failed prematurely. Time and safety were a consideration when testing
the four braces, each brace took around an hour total to test. We wanted our braces to be loaded in a timely
fashion to fully display its failure mechanism and to ensure safety.
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5.0 Test Results
Testing was divided into two rounds due to unforeseen complications. Specimens A and B were tested first and
after observing those tests, modifications were made to Specimens C and D (buckling prevention plates were
added as noted in section 5.2) and tested at a later date.

5.1 Phase 1: Specimen A and B

Figure 13. Specimen A Hysteresis Loop

Figure 14. Specimen B Hysteresis Loop
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Both Specimen A and B started to show signs of failure between 0.5” and 0.75” in compression. The braces
performed well in tension but were unable to withstand the same loads in compression.

5.2 Specimen A and B Analysis
The first two braces were opened for investigation. It became clear that they failed in compression through
buckling in the strong axis; see Figure 15. Since this was an unexpected failure mode, Specimens C and D were
held off for further investigations and to be tested after additional adjustments.

Figure 15. Specimens A(left) and B(right) post-testing
In the previous project, the groove was just as wide as the core plate and we speculate that the wood helped resist
strong axis buckling; see Figure 16. When Specimens A and B were opened for investigation in Figure 15, it
became evident that the wider groove with thickened BPP successfully prevented buckling in the weak axis but
also freed up space and permitted strong axis buckling. The void between the steel and the wood allowed the core
plates clearly to crush the wood, discrediting the previous speculation of the timber casing potentially resisting
strong-axis buckling; see Figure 17. We concluded that if the core plate was to buckle in the strong axis, the
timber casing would not be stiff enough to prevent buckling about the major axis.

Figure 16. Previously tested brace

Figure 17. Specimen B core plate crushing wood

We started further investigation into the buckling failure. The curve at the end of the steel core, see Figure 15,
suggested that the connection type was closest to a pin-free connection and had an effective length factor up to 2
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(k = 2). Roughly 11” was measured as the overall buckling length, calculations showed it would take less load to
buckle the brace then to yield the brace in compression. The Euler buckling equation demonstrated that only 12.5
kips was needed to buckle the brace about the strong axis, see Figure 18a and 18b; assuming the steel modulus of
elasticity equaled 29,000 ksi.

Figure 18a. Euler’s buckling equation from AISC

Figure 18b. Euler’s equation for strong-axis buckling
In response, it was decided to weld two-inch-long metal tabs as SAS (strong-axis stopper) plates along the length
of the core plate at 20 inches on center to reduce the buckling length. The SAS plates were also intended to
change the effective length factor from 2 (free-pin) to 1 (pin-pin) within the body of the encased brace. Note that
the initial calculation were incorrectly computed, which led us to believe strong-axis supports were adequate at
20” on center. Below is the corrected calculation which will be discussed in the following part, 5.4 Specimen C
and D Analysis.
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Figure 19. Strong-axis buckling calculations

Figure 20. Welding SAS plates to specimen C and D

Figure 21. Specimen D with welded SAS plates on the BPP
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5.3 Phase 2: Specimens C and D

Figure 22. Specimen C testing results

Figure 23. Specimen D testing results
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During the second round of testing, Specimens C and D showed similar results to the first round of testing. Failure
typically occurred around 0.5” to 0.75” of displacement from compression. The braces were examined and
exhibited the same failure modes as their precursors, indicating that the SAS plates were insufficient in supporting
strong-axis buckling; see Figures 24 and 25.

Figure 24. Specimen C post-testing

Figure 25. Specimen D (post-testing)

5.4 Specimen C and D Analysis
As we doubled back to check our previous calculations, we discovered that there was a calculation error. Equation
E3-3 from the Euler’s buckling equation was used to compute Fcr and gave an answer that deemed support at 20”
on center was adequate. The correct calculation is shown above in Figure 19, showing minimal increase of
capacity than the previous round of testing. In addition, some of the SAS plates were somewhat or completely
sheared off by the core plate’s strong axis buckling during testing.
The result in the second round of testing highlights the concern of strong-axis buckling as the central issue. It
became evident that a thickened BPP is effective against weak-axis buckling but the widened groove intended to
simplify construction permitted strong-axis buckling. During the recalculation of the adequate spacing of SAS
plates, we discovered that even with a spacing at 3” on center, the max axial load is only at 15.13 k; see Figure 26.
Tracing back the numbers, it brings us back to the issue of the core plate extreme slenderness.

Figure 26. Recalculation of SAS plate spacing
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6.0 Conclusion
Moving onward, the biggest issue will be preventing the buckling of the core plate. All hysteresis loops suggest
that the braces maintain a large tensile capacity, but failed prematurely due to buckling. Ideally, the braces reach
full tension and compression yielding in a highly ductile manner. Buckling continues to be an issue, from weakaxis in Spring 2018 to strong-axis in Fall 2018. in4
In the future, the slenderness of the core plate must be dutifully considered. The issue was less of an issue in the
first project, but the lack of adequate weak-axis resistance muted the possibility of strong-axis buckling as well.
The results of the current project suggested that if the groove of the timber casing was just as wide as the core
plate, it may provide additional strong-axis buckling restraint. However, wood is ultimately a weaker and softer
material than steel and will be not enough to stop the steel core from buckling, the core plate will crush it in the
event of extreme buckling. In the end, the choice between simplifying the construction process and compromising
the brace strong-axis resistance should not be mutually exclusive. As soon as the timber BRB have adequate
buckling resistance, they will be able to exhibit highly ductile behavior like their concrete encased precursors.

7.0 Appendix A
7.1 Revit Details
7.2 Euler’s Buckling Equation
7.3 Test data: Excel File
7.4 Test data: Hysteresis loop
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